The ftf gene encoding the cell-bound fructosyltransferase of Streptococcus safivarius ATCC 25975 is preceded by an insertion sequence and followed by FUR1 and clpP homologues Analysis of the region downstream of the ftf gene of Streptococcus salivarius led to the detection of two open reading frames (ORFs). The deduced amino acid sequences of these ORFs were homologous to proteins encoded by genes not previously described and/or sequenced in Gram-positive bacteria. The deduced amino acid sequence of the first of these ( o r -) showed strong homology to the product of the FUR1 gene of Saccharomyces cereuisiae, which codes for a uracil phosphoribosyltransferase. The over-expression of the product of this gene appeared to be the source of the detrimental effect observed with phagemids carrying or$? in Escherichia coli hosts. The deduced amino acid sequence of the second ORF (orJJ) was homologous to the ClpP family of proteases. Examination of the upstream region of theftfgene led to the discovery of a new insertion sequence-like element which has been designated IS1161. DNA manipulations. DNA from bacteriophage LA-39 was purified from 1 litre lysates by the method of Silhavy et al. (1984). The construction and purification of phagemids followed the standard methods described by Sambrook et al. (1989) , while induction and purification of single-stranded phagemid DNA using bacteriophage M13K07 followed the method recommended by Pharmacia for their pTZ series of phagemids. DNA sequence determination (Sanger et a/., 1977) was carried out either on CsC1-purified double-stranded DNA or 0001-7925 0 1993 SGM Downloaded from www.microbiologyresearch.org by
Introduction
Streptococcus salivarius is an abundant member of the human oral microflora. Most strains of this organism synthesize both glucans and fructans from sucrose by means of extracellular glucosyltransferases and extracellular cell-bound fructosyltransferases (FTFs) respectively (Walker & Jacques, 1987; Milward & Jacques, 1990) . Recently, we isolated an FTF-encoding bacteriophage (AA-39) from a genomic library of S. salivarius ATCC 25975 ; Southern hybridization and physiological evidence have indicated that this recombinant bacteriophage harbours the gene for the extracellular cellbound FTF of S. salivarius (S. P. Koo, unpublished observations; Pitty et al., 1989) .
Here we report the physical mapping of the S. salivarius chromosomal DNA in AA-39 and the sequencing of the DNA surrounding the ftfgene. Analysis of these sequences has revealed three open reading frames Abbreviations: FTF, fructosyltransferase ; UPRTase, uracil phosphoribosyltransferase ; ANGIS, Australian National Genome Information Service.
The nucleotide sequence data reported in this paper have been submitted to GenBank and have been assigned the accession numbers LO7793 (sequence containing o rand or$?) and LO7794 (sequence containing orf4).
(ORFs), one upstream and two downstream of the ftf gene, that show clear homology to genes of topical interest.
Methods
Chemicals and enzymes. All chemicals were purchased from Sigma, BDH or Ajax Chemicals and were of analytical reagent grade or equivalent. Radioactively labelled deoxynucleotides were purchased from NEN, restriction enzymes and T4 ligase from Pharmacia and/or Boehringer Mannheim and the T7 DNA sequencing kit from Pharmacia. Custom oligonucleotides were synthesized using a Pharmacia ' Gene Assembler Plus '.
Bacterial strains, bacteriophages, plasmids, and growth conditions. Phagemids were maintained either in Escherichia coli strain JM 109 (Yanisch-Perron et al., 1985) or in strain NM522 (Gough & Murray, 1983) , while bacteriophage AA-39 (Pitty et al., 1989) was propagated on E. coli LE392 (Murray et al., 1977) . All subclones (Fig. 1 ) were based on one or the other of the phagemid vectors pIBI30 or pIBI31 (IBI Corporation) and production of single-stranded DNA from these subclones was induced by superinfection by bacteriophage M 13K07 (IBI Corporation). LB medium (Miller, 1972) , supplemented where appropriate with ampicillin (100 pg ml-'), was used throughout these studies.
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on single-stranded DNA using the Pharmacia T7 sequencing kit according to the manufacturer's instructions. Custom-made oligonucleotide primers (1 7mers) were used where necessary and all sequencing was confirmed in both directions.
DNA sequence analysis. DNA sequences were assembled and ORFs detected using the IBI-Pustell sequence analysis software version 2.03. Database searches were carried out using the 'Fasta' program (Pearson & Lipman, 1988) while multiple sequence alignments and phylogenetic comparisons used the 'ClustalV' program (Higgins et af., 1992) . This program makes use of the neighbour-joining method of Saitou & Nei (1987) to deduce phylogenetic trees. Fasta and ClustalV were accessed through the ANGIS facility at the University of Sydney, Australia.
Detection of FTF activity. FTF activity was detected using a qualitative assay for released reducing sugars as described previously (Aduse-Opuku et al., 1989; Giffard et al., 1991) .
Results and Discussion
Physical map of the S . salivarius chromosomal DNA in AA-39 A restriction map of the insert of chromosomal DNA in AA-39 was generated by means of double restriction digests and a series of phagemid subclones constructed based on this map (Fig. 1 ). E. coli strains carrying these phagemids had the phenotypes outlined in Table 1 .
The first subclone to be constructed was pKRK102, which contained the central BamHI fragment (Fig. 1) . This phagemid conferred an FTF+ phenotype on the host cell but was extremely difficult to maintain. In most instances the E. coli host died during attempts to propagate the recombinant phagemid in liquid culture. The difficulty in propagating pKRK102 was initially thought to be due to the product of the ftfgene carried on pKRK102. However, the stable FTF+ phenotype of strains carrying pKRK104 (the subclone containing the EcoRI-BglII insert; Fig. 1 ) as well as the stable phenotype of pKRK107 (the subclone containing the small BamHI-EcoRI insert; Fig. l ), together with some slight difficulty encountered in maintaining pKRK 105 (the subclone containing the small BglII-BarnHI insert ; Fig. 1 ) raised the possibility that the cause of this phenomenon was not the product of the ftfgene itself. This was investigated further by DNA sequence determination.
The DNA sequence downstream of the ftf gene contains
FURl and clpP homologues
In order to investigate the observed detrimental effect of pKRK102 on E. coli hosts, the sequence of the 0.7 kbp BamHI-BgDI insert in pKRK105 ( Fig. 1 ) was determined. Initial analysis of this sequence indicated that it contained fragments of two separate ORFs that were transcribed in the same direction. The sequences of these ORFs were extended until the complete sequences of both were obtained. This yielded a sequence of 1523 bp that contained the two ORFs starting with ATG codons and preceded by putative ribosome-binding sites (Fig. 2) . The first of these, o r -, was 629 bp in length, while the other, orf3, separated by 173 bp from or-2, was 590 bp in length. Sequence analysis also showed that the ftfgene lies between the EcoRI and BglII sites, that it is transcribed in the same direction as or$? and orf3, and that it terminates 90 bp upstream of the beginning of o r -( Fig. 1 and unpublished results) .
To seek potential homologues, the deduced amino acid sequences of orf2 and orf3 were compared with the GenBank translated ORF data base. The deduced amino acid sequences of or-and orf3 exhibited clear similarity to the Saccharomyces cerevisiae FUR1 gene product and the ClpP family of polypeptides, respectively (Figs 3 and The FUR1 gene encodes the enzyme uracil phosphoribosyltransferase (UPRTase) which catalyses the formation of uridine 5'-monophosphate (UMP) from uracil (Kern et al., 1990) . To our knowledge, orf2 is the first sequenced FURl homologue of prokaryotic origin. It is not known whether the putative product of orf2 is in fact a UPRTase, although the 33% identity and 63% conservation of amino acids maintained across the prokaryote/eukaryote boundary not only suggests this 4). *** *** . , Fig. 3 . Alignment of the deduced amino acid sequence orf2 of S. saliuarius with the UPRTase of Saccharomyces cerevisiae (Kern et al., 1990) . Identical amino acids are denoted by asterisks, and functionally conserved amino acids by dots. (Maurizi et al., 1990a) , liverwort (Marchantia polymorpha) (Ohyama et al., 1986) , rice (Oryza sativa) (Hiratsuka et al., 1989) , tobacco (Nicotiana tabacum) (Shinozaki et al., 1986) and wheat (Triticum aestiuum) (Gray et al., 1990) ; the first methionine is the initiator for each sequence. Sequence conservation is as shown in Fig. 3 , except that identical amino acids are also shown above the six sequences. (b) Unrooted phylogenetic tree of the sequences in (a) constructed using the neighbour-joining method of Saitou & Nei (1987) . Relative phylogenetic distances are indicated both numerically and by the length of the connecting lines.
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but also implies a strong selective pressure for conservation of function. The apparent lethality conferred on E. coli by pKRK102 would appear to be due to the presence of orf2 rather than the ftf gene, since interrupting or$? in pKRK104 yielded a phagemid that was no longer detrimental to host cells. Why the sequence of orf2 should be detrimental to E. coli is unknown and is somewhat surprising, since E. coli possesses its own UPRTase (Rasmussen et al., 1986) . It could, however, be speculated that unregulated overproduction of this enzyme would lead to a derangement of nucleotide synthesis. It should also be noted that as S. salivarius ATCC 25975 is auxotrophic for uracil (N. A. Jacques, unpublished observation), a UPRTase would be essential for the survival of the bacterium as UMP is the precursor for all pyrimidine nucleotide triphosphates. The ClpP family of polypeptides comprises the proteolytic subunits of the Clp family of ATP-dependent proteases. The other subunit cleaves ATP and can belong to either the ClpA or ClpB family. These enzymes are highly conserved but their precise biological role has yet to be elucidated, although hypotheses have included degradation of damaged, degraded or abnormal proteins and chaperonin-like functions (Gottesman, 1989 ; Gottesman et al., 1990; Maurizi et al., 1990a, b ; Squires & Squires, 1992) . The clear demonstration that the putative product of orf3 lies within this family (Fig. 4a) is of particular interest because in recent years it has become clear that clp homologues are found close to genes encoding surface or extracellular polypeptides in a range of bacteria (no simple explanation for this phenomenon has been forthcoming) and that in the case of Streptococcus mutans GS-5, its ftfgene is apparently preceded by a clpB homologue . Thus, in the oral streptococci, there appears to be an association between ftf genes and clp genes. In this regard it may be pertinent that when the cell-bound FTF of S. salivarius is inactivated by oxygen radicals it is proteolytically removed from the cell surface (Jacques & Wittenberger, 1981) . The nature of the proteinase(s) involved is unknown.
The phylogenetic tree shown in Fig. 4(b) emphasizes that the product of orf3 may be assigned to the ClpP family. However, it also shows that the E. coli and S. salivarius sequences are more closely related to each other than to the chloroplast sequences. The topological separation of the bacterial sequences from the chloroplast sequences was tested by the 'bootstrap' sampling method (Felsenstein, 1985) using 1000 samples and gave a 100% confidence limit. The origin of higher-plant chloroplasts is currently a subject of debate (Lockart et al., 1992 , and references therein) but it is generally believed that chloroplasts arose from cyanobacterial ancestors. According to Woese (1987) , there is some evidence that the Gram-positive bacteria and the cyanobacteria form a natural group that does not include the purple bacteria (which include the Enterobacteriaceae). Therefore, these results appear to be at variance with current phylogenetic hypotheses. One possible explanation for this is that the evolutionary pressures on ClpP protease sequences are different in chloroplasts compared with free-living bacteria. Alternatively, the chloroplast clpP genes may have originated in the plant genome and so be phylogenetically somewhat remote from the bacterial sequences. It would be of interest to determine the sequence of clpP homologues in cyanobacteria and/or the allied genus Prochloron (cf. Lockart et al., 1992) .
DNA upstream of the ftfgene codes for an insertion sequence
In view of the association between clp homologues and the ftf genes in S. salivarius and S. mutans, it was considered worthwhile to determine whether the S. salivarius ftfgene was preceded by a clpB homologue as it is on the S. mutans chromosome.
A stretch of 1101 bp of DNA was sequenced in pKRK108 upstream of the EcoRI site in the S. salivarius chromosomal insert in AA-39 ( Fig. 1) . Database searches failed to show any homology between this sequenced region and the clp gene families. However, the sequenced region did contain the beginning of an ORF that started with an ATG codon and was preceded by a putative ribosome-binding site (orf4 ; Fig. 5 ). Sequence determination was continued 240 bp downstream of the EcoRI site and the end of orf4 was found 46 bp downstream of this EcoRI site. This region also contains the beginning of the ftf gene (Figs 1 and 5, and unpublished results).
The potential product of orf4 is 326 amino acids in length (Fig. 5) . A search of the GenBank translated ORF data base revealed clear similarity with two transposases -one encoded by the E. coli insertion sequence IS30 (Dalrymple et al., 1984) and the other by the clindamycin-resistance transposon Tn4551 which is found in the Bacteroides plasmid pBI136 (Smith, 1987) (Fig. 6 ). Similarity between these two transposable elements has not previously been noted.
Transposable genetic elements are usually delineated by inverted repeats and flanked by direct repeats. The presence of such repeats is considered diagnostic for a sequence that is the product of a transposition event (Lewin, 1990) . Such repeats were found in the expected positions with respect to orf4, and these are shown in Fig. 7 . The structure within the boundary of these repeats can therefore be considered to be an insertionsequence-like element and has been named IS1611. One interesting property common to both IS30 and the insertion sequences that delineate Tn4551 is that they can apparently increase the expression of downstream genes (Smith, 1987; Neuwald & Stauffer, 1990) . It is not known whether IS1611 also possesses this property, but it is interesting to note that S. salivarius ATCC 25975 expresses three to four times the amount of FTF as two
